Abstract:
Introduction
JPEG2000 is the state-of-art image and video compression standard developed jointly by the International Organization for Standardization (ISO) and the International Electrotechnical Commission (IEC) [1] [2] [3] [4] [5] [6] . It offers improved compression performance for various type of images including natural, binary, remote sensing, scientific and medical images. This standard primarily, uses Discrete Wavelet Transform (DWT), followed by scalar quantization (as required) and the entropy coding. In JPEG2000 coding system, when an image is larger than the available memory for elaboration, the image is divided into tiles. Tiles are rectangular regions of the image that are transformed and encoded independently. Tiles can be of any size, and it is also possible to consider the whole image as a single tile. Once the size of the tile is chosen, all the tiles will have to have the same size. The main advantage of dividing the image into tiles is that the decoder will need less memory to decompress the image and it can opt to decode only selected tiles to achieve a partial decoding of the image. As such, tiling can give better memory utilization and better access under certain circumstances. It can significantly reduce the complexity on the encoder side. It is also useful in handling high resolution images. A difficulty that tiling introduces is the blocking artifacts that are significant when the images are compressed at low bit rate using JPEG2000 coding system. There are two major factors of the tiling artifacts in JPEG2000 images. One factor is the symmetric extension of the original image samples which is performed prior to applying the wavelet transform. Other factor is the difference in quantization accuracy which is due to difference in quantization errors in each tile.
A good number of researchers have worked on reducing the tile boundary artifacts of JPEG2000 compressed images. Berkner and Schwartz [7] proposed a method for reducing boundary artifacts using projection onto convex set in the encoder. Their method eliminates the blocking artifacts by computing approximations that match the smoothness of the compressed image. It has been noted that it is very difficult to apply pre-processing while implementing the encoder, in order to reduce tiling artifacts. Kharitonenko et al. [8] have proposed low complexity wavelet transform method which uses a point symmetric extension method in place of symmetric extension method of JPEG2000 standard, for improving the image quality. Their method deals efficiently with blocking artifacts without requiring any information from the neighboring tiles. In [9] , the tile size was chosen to be odd so as to remove the tiling artifacts. The authors have here established that for the same compression rate, an image compressed using an odd tile length low pass first convention has less boundary artifacts than an image compressed using even tile sizes. In [10] , a pre/post filtering approach has been proposed for JPEG2000 tiling artifacts removal. Here, a prefilter is applied at tile boundaries before wavelet decomposition, and a post filtering is applied at tile boundaries after wavelet reconstruction on the decoder side. The optimal bit allocation is derived and then corresponding boundary distortion for a given pre/post filter pair is calculated. The optimal pre/post filters are then obtained by minimizing the reconstruction errors of the boundary filter bank. Qin et al. [11] proposed a post-processing method to reduce tiling artifacts with the help of max-lift wavelet subband decomposition. They adaptively filtered the subband coefficients using soft thresholding. The post-processing is carried out after decompression of image by the JPEG2000 coding system. Hashimoto et al. [12] have also proposed a method for reducing tiling artifacts. Their method predicts the presence of tiling artifacts at a tile boundary in the rate control process and then improves quantization accuracy by using post quantization control locally. All these approaches are effective in reducing tiling artifacts of JPEG2000 compressed images but we need to reduce these tile boundary artifacts to even lower levels.
In this paper, it is shown that the tile boundary artifacts in JPEG2000 compressed images are due to larger errors of high pass boundary samples. The high pass reconstructed sample close to the tile boundaries have larger error than the error in the neighboring low pass reconstructed sample. We will show in the next section that by updating these high pass reconstructed samples with the help of neighboring samples, the tile boundary artifacts in the reconstructed image are reduced.
The rest of the paper is organized as follows. Section 2 describes the cause of boundary artifacts in tiles of JPEG2000 compressed images. Section 3 illustrates how these boundary artifacts can be reduced by post-processing of the boundary samples of the reconstructed JPEG2000 images. This section also contains the proposed method and the results of this study. Section 4 concludes the paper.
Tile Boundary Artifacts Analysis

Wavelet Transform
Wavelet transform is a subband transform which transforms images from spatial domain to frequency domain. To achieve efficient lossy and lossless compression within a single standard, two wavelet transform filters are used in JPEG2000 standard. One is CDF 9/7 floating point filter which is used for lossy compression and the other is LeGall 5/3 which is simple to implement and has lossless capability. Two dimensional DWT is the combination of a one dimensional (1-D) horizontal and 1-D vertical DWT. The original image is decomposed to produce low pass and high pass filtered outputs of the image. These filtered outputs are then down-sampled by a factor of two in order to produce a set of subbands of the original image. Because of the down-sampling process, the total number of wavelet coefficients is same as the number of original image samples. The output of this process is the set of four subbands -LL (Low Low), LH (Low High), HL (High Low) and HH (High High) subbands. This wavelet decomposition process can be applied iteratively on the LL subband to get a multiresolution decomposition of the original image. DWT decorrelates the input image and also provides a good energy compaction . To produce the reconstructed image from the compressed image, different filter pairs are needed. The subband samples of the image are first upsampled by a factor of two and then filtered to produce reconstructed low pass and high pass versions of the original image. The outputs of the reconstructed filters are then summed to produce the final reconstructed image. . Focus of this paper is to analyze and reduce the boundary artifacts that occur at the tile boundaries of JPEG2000 compressed images when wavelet transforms are used to perform lossy image compression. The boundary artifacts are due to error between the reconstructed and original images samples close to the boundary of a tile. To determine the cause of this error, we have investigated the error introduced by the lossy compression process at the boundary of the tile that has been transformed using CDF 9/7 wavelet transform.
Let us consider the following set of n samples of an image:
‫ݔ‬ሾ0ሿ, ‫ݔ‬ሾ1ሿ, … , ‫ݔ‬ሾ݊ − 2ሿ, ‫ݔ‬ሾ݊ − 1ሿ.
When single level wavelet transform is applied on this image, the following set of low pass and high pass subband samples are produced:
These low pass and high pass subband samples are interleaved to get the following sequence
From this, one can observer that for an even number of input samples, one end of the sample sequence is a low pass sample and other end is a high pass sample. In case of lossy compression, these subband samples are quantized in order to reduce the precision of the subband samples to aid in achieving higher compression. Quantization of subband samples is one of the main sources of information loss in the encoder. Quantization is performed by uniform scalar quantization with dead zone about the origin and is defined as:
where ‫ݕ‬ ᇱ ሾ݊ሿ is the sample of subband b; ‫ݍ‬ ሾ݊ሿ is the quantized sample; ߂ is the quantization step size for subband b. The JPEG2000 standard supports separate quantization step size for each subband due to multiresolution feature supported by DWT. The quantization step size for a subband is calculated based on the dynamic range of the samples of the subband. The sign function is defined as:
After the quantization process, the subbands of a tile are divided into code blocks, which are compressed independently using Embedded Block Coding with Optimized Truncation (EBCOT) algorithm [3] . EBCOT defines the methodology for arranging the compressed output in the form of bit stream allowing the rate control with optimum quality. It is composed by two tiers. Tier-1 generates the collection of encoded bits for each code block. Tier-2 reorganizes the output of tier-1 by discarding some of the encoded bits in order to obtain the best possible quality for a given the compression ratio. On the decoder side, the steps of the encoder are executed in reverse order to decompress the images.
After the inverse quantization process on the decoder side, the reconstructed subband samples in subband b are given by
where ߜ is usually set to ߂ /2. The reconstructed subband samples can then be expressed as
where ߝ ሾ݊ሿ is the error, between the original subband sample and the reconstructed sample, caused by scalar quantization. It can be noted from (3) that errors are present in each of the reconstructed samples of decompressed images as the quantization process is irreversible.
Quality Parameters
Peak signal-to-noise ratio (PSNR) between the original and reconstructed images is most commonly used objective quality measure. In this paper, PSNR is used to measure the quality of the reconstructed images, which is a function of mean square error (MSE) and is defined by
where B is the bit depth of the image and MSE is defined as
where ‫ܫ‬ ̅ ሺ݅, ݆ሻ is the pixel of the reconstructed image and ‫ܫ‬ሺ݅, ݆ሻ is the pixel of the original image and M and N represent the height and width of the image respectively.
Error Analysis of Boundary Samples of Tiles of an Image
Wei et al. [9] have shown that the error in high pass reconstructed boundary sample is higher than the low pass reconstructed boundary sample. On the lines of the work done by Wie et al. [9] , we have also computed the errors in the boundary samples of the tiles of the image.
In order to analyze the errors in boundary samples of a tile, we have collected 10000 boundary samples of the tiles of the different original images, reconstructed images using JPEG2000 standard and reconstructed images with post-processing by proposed method. Figure 1 contains the results of this analysis. In this figure, sample 1 corresponds to the last but one reconstructed pixel of the i th tile, sample 2 corresponds to the last reconstructed pixel of the i th tile and sample 3 corresponds to first reconstructed pixel of (i+1) th tile. Here, it can be noted that sample 2 has a large error in comparison with sample 1 and sample 3, when the image is compressed using JPEG2000 standard. This error is significantly reduced when the proposed method is applied after JPEG2000 decompression and this leads to reduction in boundary artifacts in JPEG2000 reconstructed images. The reconstructed boundary samples that have been considered in this analysis are captured from thirty different images. These are standard images (including lena, moon, planes, house, cornfield etc.), considered by other researchers working in this field. Now, let us analyze the MSE decompressed images. The high pass boundary pass boundary reconstructed samples boundary samples are post-processed using the proposed method, the decreases, as shown below in Figure 3 . of the reconstructed samples at the tile boundaries of the The high pass boundary reconstructed samples have higher MSE samples as shown below in Figures 2. When these high pass processed using the proposed method, the MSE of these samples Figure 3 .
for each row and column of the 512 × 512 Lena image after compression at a bit JPEG2000 Part1 with tile size of 64 × 64.
for each row and column of the 512 × 512 Lena image after post-processing the compression at a bit rate of 0.1 bits-per-pixel using JPEG2000
boundaries of the MSE than low When these high pass these samples compression at a bit processing the JPEG2000 Part1 with
Tile Boundary Artifact Reduction
To reduce tile boundary artifacts in a JPEG2000 reconstructed image, we have replaced the high pass reconstructed boundary samples by the average of left and right neighboring samples, when the vertical tile boundary is processed. While processing the horizontal tile boundaries, we have replaced the high pass reconstructed boundary samples by the average of top and bottom neighboring samples. By doing this, MSE of the processed tile boundary samples is reduced and hence PSNR and visual quality of the reconstructed images are improved. The comparison of PSNR values for thirty images, considered in this work, is given in Figure 4 .
The results have again been obtained by taking a set of 30 images. These images are compressed at low bit rate using Kakadu software tool [13] with five level wavelet decomposition. The comparisons show that the result holds good for each of the images. From Figure 4 , one can also observe that there is an improvement of 0.01 to 0.3 dB in the PSNR of the compressed images. Improvements in the visual quality of an image are shown in Figure 6 . A reconstructed Lena image compressed at 0.1 bits-per-pixel, using JPEG2000 standard with a tile size of 64 × 64 is shown in Figure 5 and a reconstructed Lena image compressed at 0.1 bits-per-pixel, using JPEG2000 with proposed post-processing with a tile size of 64 × 64 is shown in Figure 6 . 
Conclusion
In this paper, a post-processing methodology has been implemented that can be applied along with JPEG200 standard for reducing boundary artifacts of tiled images. The methodology is motivated by the higher error in high pass reconstructed boundary samples than low pass boundary samples. It has been shown that when one uses proposed method, tile boundary artifacts are reduced in terms of increase in PSNR value. This increase in PSNR value varies from 0.01 dB to 0.3 dB for thirty different images considered in this work. The reductions in boundary artifacts have also been observed in visual quality of decompressed images.
